Gene regulation in higher eukaryotes frequently involves physical interactions between genomic sequence elements tens of kilobases apart on the same chromosome but can also entail interactions between different chromosomes. Chromosome Conformation Capture (3C) is a powerful tool to identify such interactions. 3C technology is based on formaldehyde crosslinking of chromatin, followed by restriction digestion and intramolecular ligation. Quantitative detection of ligation products by PCR (qPCR; not discussed in this protocol) provides insight into the interaction frequencies between chromosomal fragments and thereby the spatial organization of a genomic region. Detailed 3C protocols have been published for yeast and mammals. However, these protocols cannot simply be transferred to plant tissues. In this paper, we provide a maize-specific 3C protocol and present a general strategy to systematically optimize the protocol for other plants. Once the technique and appropriate controls are established, the 3C procedure (including qPCR) can be completed in 5-7 d.
INTRODUCTION
Over the past few years, it has become clear that long-range physical interactions between distant chromosomal regions have an important role in gene regulation. Regulatory elements are often located ten to hundreds of kilobases (kbs) away from the target promoter they affect. Using Chromosome Conformation Capture (3C), a powerful technique to identify long-range chromatin interactions, it has been shown that the regulation of gene expression by such distantly located chromosomal regions occurs through physical interactions 1, 2 . Interestingly, chromosomal interactions not only play a role in gene activation but also in X-chromosome inactivation 3, 4 and the maintenance of transcriptionally silent chromatin states 5 . Although it is becoming clear that gene regulation by longrange interactions is widespread, little is still known about this level of chromosome organization, especially for plants.
Methods to investigate chromatin interactions
Three different techniques are currently being used to study chromosomal interactions: Fluorescent in situ hybridization (FISH) 3, 6 , RNA-Tagging and Recovering of Associated Proteins (RNA-TRAP) 7 and 3C 1, 8 . Each technique is based on a different principle and uses a distinct method. Therefore, these techniques can be used to complement and validate each other.
FISH uses fluorescently labeled DNA probes to detect genes or chromosomes by fluorescence microscopy. For instance, it can be used to observe chromosome abnormalities, or to map molecular markers. When probing two regions in the genome, the FISH signals can be used to study the frequency of colocalization of two chromosomal regions 3, 4, 9 . It has the advantage that cell-to-cell variation can easily be investigated. The microscope, however, has a limited spatial resolution. As a result, colocalization is not necessarily associated with physical interactions.
The RNA-TRAP technique is based on targeted in situ hybridization and is used to study physical interactions at actively transcribed sequences 7, 10, 11 . With RNA-TRAP, horseradish peroxidase (HRP) is targeted to nascent RNA transcripts, followed by HRPcatalyzed biotin deposition on nearby chromatin. The biotinylated chromatin is isolated by streptavidin affinity chromatography, followed by DNA isolation and quantification by PCR. This method relies on the presence of nascent RNA at a chromosomal locus and is therefore not generally applicable.
The 3C technology (Fig. 1a) captures physical interactions between chromosomal regions by crosslinking proteins to proteins, and proteins to DNA with formaldehyde. The crosslinked chromatin is subsequently digested by restriction enzymes, followed by intramolecular ligation and reversal of the crosslinks overnight. The DNA is purified and evaluated by PCR analysis. The resulting data indicate the frequency with which DNA fragments of interest are crosslinked to other fragments. Chromosomal regions are crosslinked together only when they are in close proximity. Importantly, 3C can be used whether a gene is on or off and is consequently widely applicable to study chromatin interactions 1, 8, 12, 13 .
Until recently, only the FISH method has been applied to plant tissue. RNA-TRAP has only been used for mammalian systems, and 3C for yeast, Drosophila and mammals 1, 5, 8, 12, 13 . The existing protocols for the last two methods cannot simply be transferred to plant tissues due to the special properties and unique chemical composition of plants. In this paper, we provide a maize-specific 3C protocol that we recently developed and successfully applied 14 . Moreover, we present a general strategy to systematically optimize the protocol for other plants. This paper will therefore be of interest to scientists who want to use 3C technology in plant research, but can also be of interest to those who want to develop or optimize a 3C protocol for other organisms. The presented protocol is based on previously published 3C protocols 12, 13 , but contains several plant-specific adjustments. The major adjustments are (1) the fixation of nuclei within plant tissue, (2) the nuclei isolation from plant tissue, (3) the need to work with freshly isolated material and nuclei, (4) the inactivation of endogenous nucleases and (5) the optimization of the isolation of ligation products. The adjustments are discussed in detail below.
The purified ligation products are analyzed by PCR analysis, either semiquantitatively, using conventional PCR amplification followed by agarose gel separation 13 , or using TaqMan-based quantitative PCR (qPCR) 12, 15 . We consider qPCR using TaqMan chemistry to be the best method to accurately measure crosslinking frequencies. Accurate quantification requires that measurements are taken in the linear range of amplification. This requirement is fulfilled by the qPCR method, but challenging to achieve when using conventional PCR. In the latter method, ethidium bromide (EtBr)-stained fragments on an agarose gel are quantified. The main drawbacks of quantification through conventional PCR include saturation of the PCR amplification and/or of the EtBr staining. For the quantification of ligation products by TaqMan qPCR, and also for the subsequent data analysis, we have successfully implemented 14 the same protocol as described by Hagege et al. 12 . This procedural information is therefore not included in this paper.
The 3C technique is suitable to identify chromatin interactions within a single genomic region of a few hundred kb. To allow an unbiased, genome-wide search for chromatin interactions, more recently, different 3C-based techniques (4C, 5C) have been developed that make use of microarray analyses or high-throughput sequencing (reviewed in ref. 16 ). 4C techniques (3C-on-chip or circular 3C) identify chromatin interactions between one particular sequence region of interest and the rest of the genome 17, 18 , whereas the 5C technique (3C-carbon copy) allows the detection of chromatin interactions between multiple sequence regions of interest and the rest of the genome 19 . Chromatin immunoprecipitation (ChIP) loop and Chromatin Interaction Analysis Paired-End Tag (ChIA-PET) are yet other adaptations to the 3C technique 2, 20, 21 . These methods combine 3C with ChIP and PET sequencing 22 to identify long-range chromatin interactions that involve a particular protein complex. For more details on the above-mentioned 3C-based techniques, we recommend the papers cited in the text. Figure 1b shows the outline and timing of a typical 3C experiment. To obtain high-quality 3C data, a careful experimental design and critical data analysis are crucial. Every single step of the protocol has to work optimally to avoid misinterpretation of the data. When using the protocol for the first time, evaluation of the quantity and morphology of the nuclei is recommended (see Box 1). Furthermore, it is crucial to always check the digestion and ligation efficiency before performing TaqMan qPCR quantifications of the ligation products. To apply the provided protocol to plants other than maize, the following steps may have to be optimized: the fixation of plant tissue, the isolation of nuclei, the restriction digestion and the purification of ligation products. These steps, together with ideas for optimization, are described in detail below.
Experimental design
To be able to interpret the 3C data obtained, various experimental controls are absolutely essential. The most important ones are a control for PCR efficiency and a control to correct for differences in amount and quality of the template. These controls are excellently described in Dekker et al. 23 and recapitulated below.
Fixation of plant tissue. In 3C protocols, DNA and proteins are crosslinked with formaldehyde to stabilize the chromatin conformation. To ensure efficient crosslinking of plant tissue, the fixation conditions should be optimal 13 . Cells in culture, the starting point of most mammalian 3C protocols, are relatively easy to fix. This is not true for cells in plant tissue, which is the usual starting material in plant research. Plant tissue has a waxy surface and spongy airfilled mesophyll, and every cell is surrounded by a thick cell wall, hampering the crosslinking agent to penetrate the tissue and enter the cells. A way to circumvent this problem is to first isolate the nuclei, followed by a fixation step. However, we noticed that the yield and quality of nuclei are much higher when plant tissue is treated with formaldehyde before nuclei isolation. We recommend the use of soft plant tissue, and, if possible, tissue that is relatively rich in unexpanded cells. Such tissue will facilitate the penetration of formaldehyde, shortening the fixation time, and will provide a better yield and purity of nuclei. Furthermore, the use of tissue samples with a relatively homogeneous texture will avoid differences in fixation efficiency within the tissue. To ensure optimal penetration of the crosslinking agent, the tissue should be cut into small pieces before fixation and crosslinked under vacuum (see Nuclei isolation. For a 3C experiment, B10 7 nuclei are needed, and importantly, the nuclei must be of good quality. Surrounding debris must be eliminated as much as possible. As with the crosslinking step, the plant's waxy cuticle and the thick cell walls hamper the efficient isolation of sufficient, qualitatively good nuclei, in which the chromatin conformation is preserved.
Therefore, the isolation of nuclei suitable for 3C requires a plantspecific approach. This protocol yields sufficient nuclei of a quality suitable for use as starting material for 3C (see Fig. 2 ). Importantly, the nuclei isolation protocol also yields sufficient and good quality nuclei from Arabidopsis leaf tissue (Fig. 2a) , indicating that the method presented is suitable for a range of plants. Too many centrifugation steps or careless handling of nuclei can lead to insufficient and/or broken nuclei. As nuclei are fragile, we recommend limiting the number of centrifugation steps as much as possible and handling the nuclei with great care (see Box 1 and TROUBLESHOOTING Table Step 14) .
Restriction digestion in intact nuclei. Genomic sequence elements such as promoters and enhancers need to be physically separated by restriction digestion to allow the analysis of relative crosslinking frequencies. To obtain meaningful 3C data, the efficiency of restriction digestion should be at least 60-70%, but preferentially more than 80%. Partial digestion leads to reduction in the number of restriction ends available for ligation, which diminishes the efficiency of the 3C experiment and, importantly, can introduce biases in the 3C analysis. To achieve efficient For the aliquot from Step 22: check the nuclear morphology using a fluorescence (DAPI) or a light (MGP) microscope. The nuclei should now be seriously distorted, aggregated and (partially) broken down (see Fig. 2b ). Proceed with Step 23 from the main procedure. ? TROUBLESHOOTING digestion in maize nuclei, it is necessary to always use freshly harvested tissue and proceed through the entire 3C protocol once the tissue is harvested. The storage of tissue or nuclei at À80 1C results in poor digestion efficiencies, possibly due to the deterioration of nuclei or a negative effect on the accessibility of the chromatin.
The digestion is performed on intact, crosslinked nuclei. For the restriction enzyme to have sufficient access to the target chromatin, the nuclei have to be permeabilized. This is achieved by incubating the nuclei with the detergent sodium dodecyl sulfate (SDS). After this treatment, the nuclei are distorted, no longer intact and often tend to aggregate (see Fig. 2b ). Aggregation may hamper the accessibility to restriction enzymes. To counteract aggregation of the nuclei, they are shaken during the incubation steps. The SDS treatment not only permeabilizes the nuclei but is also supposed to inactivate any non-crosslinked proteins, in particular nucleases, preventing DNA degradation. However, for maize nuclei, the standard SDS treatment at 37 1C appeared not sufficient to remove all nucleases, resulting in DNA decay (see Fig. 3 and M.S., unpublished results). To inactivate remaining nucleases, we have introduced an additional heating step at 65 1C (see Step 22 of PROCEDURE, ANTICIPATED RESULTS and Fig. 3a) .
Only a limited number of restriction enzymes efficiently digest DNA in the context of crosslinked nuclei. Three six-base cutters have been reported to work well: BglII, EcoRI and HindIII 13,14 , and we achieved near-complete digestion with BamHI after lowering the SDS concentration used to permeabilize the nuclei (see the TROUBLESHOOTING Table Step 25) . Six-base cutters are preferred when analyzing loci up to several hundreds of kilobases. To analyze loci up to only 20 kb, or to fine-map interactions observed with six-base cutters, four-base cutters such as DpnII and NlaIII may be used 12 . The enzyme of choice should preferably generate sticky ends, facilitating the ligation step. The enzyme should, in addition, be insensitive to cytosine methylation, avoiding incomplete digestion as a result of DNA methylation. When setting up or optimizing the 3C protocol for a specific tissue, organism or restriction enzyme, we recommend to always check the digestion efficiency by DNA blot analysis (see ANTICIPATED RESULTS and The next day, the crosslinks were reversed and the DNA purified. In both lanes, a clear nucleosome pattern is visible, even in the absence of BglII, indicating that the migration pattern in both lanes is due to DNA degradation. Lane 6 shows that the DNA is not degraded before SDS incubation. Nuclei were resuspended in lysis buffer (10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 5 mM MgCl 2 , 0.1 mM EGTA, 1Â complete protease inhibitor) and the crosslinks reversed O/N. Lane 7 shows that nucleases can be inactivated to a large extent. Nuclei were treated with SDS for 30 min at 65 1C, followed by 30 min at 37 1C, treatment with Triton X-100 and O/N incubation at 37 1C. The next day, the crosslinks were reversed and the DNA purified. Compared to lane 5, most of the DNA is at the top of the gel, indicating it is intact. Nuclei in lane 8 received the same treatment as those in lane 7, except that BglII was added before O/N incubation at 37 1C. The DNA is well digested, and satellite bands are visible. Lane 9 shows DNA isolated from nuclei treated with SDS for 60 min at 65 1C, followed by Triton X-100 treatment and O/N incubation at 37 1C. Even less DNA decay than that seen in lane 7 is visible. However, 65 1C is also the temperature at which crosslinks are reversed. Purification of ligation products. The digested DNA is ligated at a low DNA concentration, favoring intramolecular over intermolecular ligation. After the ligation, the crosslinks have to be reversed and the DNA purified. The DNA purification involves an ethanol precipitation (Steps 40-42). For maize DNA, the precipitation proved to be very inefficient. Adding a carrier, such as glycogen, to the reaction greatly improved the DNA recovery. Yields may also differ depending on the brand of polypropylene tubes used; we use BD Biosciences Falcon tubes. Once the DNA has been precipitated and washed, the pellet needs to be homogenously dissolved. For maize DNA, dissolving the pellet by incubating at 55 1C for 20 min, as carried out in many other protocols, was not effective. We recommend dissolving for several hours at room temperature (18-22 1C), followed by one night at 4 1C (Step 47). If any undissolved particles remain after overnight incubation, gently spin the sample and collect the clear supernatant.
Controls required for 3C. Two important experimental controls that need to be carried out in order to interpret the 3C data correctly are a control for PCR efficiency and an endogenous control to correct for differences in amount and quality of the template 1, 23 . To be able to compare crosslinking frequencies that are measured for different DNA restriction fragments, a control must be included to normalize the differences in PCR efficiency between different primer sets. To this end, a control template is required that contains all possible ligation products of the genomic regions of interest, in equimolar amounts. This template can be prepared by restriction digestion and subsequent random ligation of a bacterial artificial chromosome clone covering the sequences of interest 1 . Alternatively, equimolar amounts of the DNA fragments spanning each of the restriction sites to be analyzed can be mixed, digested and ligated. However, one should be aware that this latter method is more error prone, as it assumes every DNA fragment in the mix to be of similar quality. A second crucial control that must be taken along is an endogenous control. This control corrects for differences in quality and quantity of genomic template between different samples and between different tissues. For the endogenous control, crosslinking frequencies are measured between two restriction fragments of a genomic locus that is unlinked to the locus of interest. A control locus is expected to adopt the same spatial configuration in all tissues to be examined by 3C. A similar expression level in the tissues of interest is a good indication that this is indeed the case. Furthermore, to avoid the potential influence of chromosome folding, the interaction frequencies at a control locus must be measured over a distance smaller than 8 kb. To ensure that the resulting PCR fragment is not the consequence of incomplete restriction digestion, primers must be designed unidirectionally, or the chosen fragments should be separated by at least 1 kb. Ideally, the fragments to be analyzed are separated by three or four sites. choose the ligation product that results in the required signal level. In our study, we have used the maize S-adenosyl-methionine decarboxylase gene (Sam; Fig. 5 ). Sam was identified to fulfill the required criteria 14 . It showed a similar expression level in our tissues of interest, maize inner stem and husk, and five BglII sites were present within approximately 2 kb (BglII is used for our 3C experiments). A primer set annealing at the outer two sites resulted in a qPCR signal level equal to that of the locus of interest and serves as our endogenous control. If using other maize tissues, we recommend testing the Sam transcript levels for these tissues. For more details on controls, refer to existing protocols and papers 1, [12] [13] [14] [15] 23 .
MATERIALS

REAGENTS
. Nuclei isolation buffer (see REAGENT SETUP) . Hepes The DNA digestion efficiency should be above 60-70% but ideally 480%. Therefore, the efficiency should be carefully analyzed in every 3C experiment, even when the optimal restriction conditions have been determined (see ANTICIPATED RESULTS). This analysis can be carried out in parallel with Steps 34-48 of the main procedure. Samples with low digestion efficiency should be discarded. (i) Add 5 ml of proteinase K to the 300 ml of aliquot taken in Step 32.
(ii) Reverse the crosslinks overnight at 65 1C. PMSF Prepare a 100-mM stock solution in isopropanol. Prepare aliquots in 1.5 ml Eppendorf tubes and store at À20 1C. Formaldehyde solution, 4% (wt/vol) Dissolve 4 g of paraformaldehyde in 100 ml nuclei isolation buffer. Set to pH 9 to decompose the polymer into formaldehyde. Heat to 65 1C to aid in dissolving. Let the solution cool down, adjust to pH 7-7.5 and store aliquots at À80 1C. Thaw only once. ! CAUTION Toxic and corrosive. Dangerous if inhaled, absorbed through the skin or swallowed. Formaldehyde waste should be disposed of according to the regulations. Protease inhibitor solution Dissolve 1 complete protease inhibitor tablet (Roche) in 2 ml of H 2 O. The obtained solution can be stored at 4 1C if used within 2 weeks. Store at À20 1C for longer storage (up to 3 months). 103 ligation buffer 300 mM of Tris-HCl (pH 7.8 at 25 1C), 100 mM of MgCl 2 , 100 mM of DTT and 10 mM of ATP. Always use freshly prepared ATP for the preparation of the ligation buffer. Store aliquots of the buffer at À20 1C. Thaw the buffer only once. The composition of this ligation buffer is identical to the one provided by Promega (cat. no. C1263). Owing to the large amounts required, we prepared the ligation buffer ourselves. Phenol-chloroform-isoamylalcohol (25:24:1) Mix chloroform and isoamylalcohol in a 24:1 ratio and combine this solution in a 1:1 ratio with TE-buffered phenol. Allow the mixture to equilibrate overnight at 4 1C. m CRITICAL The phenol-chloroform-isoamylalcohol solution has to be used at room temperature. Therefore, place the solution at room temperature the day before use. ! CAUTION Phenol and chloroform are toxic, isoamylalcohol is harmful. All three are dangerous if inhaled, absorbed through the skin or swallowed. EQUIPMENT SETUP Speedvac For fixation under vacuum conditions, remove the rotor from the Speedvac centrifuge and place a box or a rack that can hold 50 ml tubes into the centrifuge. PROCEDURE m CRITICAL This protocol is optimized for maize tissue; some adaptations may be required when this protocol is used for other plant species.
Preparation of plant tissue TIMING 15 min 1| Use B1.5 g of plant material. This protocol works well with maize husk (leaves surrounding the cob) and inner stem tissue (young sheaths and leaves surrounding the shoot meristem of 5-to 6-week-old plants), and yields 10-12 Â 10 6 nuclei. For husk tissue, use 1/4 of the leaves. Use only soft leaves; discard the tough, outer leaves. In our hands, the simultaneous processing of a maximum of four samples works best. m CRITICAL STEP Always use freshly harvested tissue. Do not use the tissue stored at À80 1C; the use of such tissue hampers efficient restriction digestion (Step 25).
2| Use a surgical knife to cut the tissue into small pieces (B1 cm 3 ) in a large petri dish placed on ice.
3|
Transfer the tissue to a 50-ml Falcon tube and add 15 ml ice-cold nuclei isolation buffer. 8| Dry the tissue between paper towels.
9|
Transfer the tissue to a chilled, clean mortar and grind it with liquid nitrogen until the tissue is pulverized into a fine powder. m CRITICAL STEP Once the tissue is frozen in liquid nitrogen, avoid thawing of the tissue and place the mortar on ice. ? TROUBLESHOOTING 10| Add the protease inhibitor solution to ice-cold isolation buffer (1 ml/25 ml).
11| Add 10 ml of ice-cold nuclei isolation buffer, containing protease inhibitors, to the ground tissue. Gently mix the isolation buffer with the pulverized tissue and allow the frozen sample to thaw.
12| Place a Nalgene Oak Ridge tube on ice, place a funnel in the tube. Place a piece of Miracloth on top of a piece of Sefar Nitex mesh (both diameter of 120 mm) and make a filter. Place the filter in the funnel. Once the sample is liquefied, pour it through the filter. (The Sefar Nitex mesh can be rinsed and re-used.) Take a 2-ml aliquot of the filtered nuclei suspension and analyze the sample as described in Box 1. Once the 3C method is set up, this test is no longer required (see ANTICIPATED RESULTS). m CRITICAL STEP Work on ice to keep the nuclei intact. ? TROUBLESHOOTING 13| Spin the nuclei suspension for 15 min at 3,000g at 4 1C (Sorvall centrifuge, rotor SS-34). m CRITICAL STEP The isolated nuclei are quite fragile. Handle them with care, keep them cold at all times and do not spin faster than described.
14| Gently pour or pipette off the supernatant and dissolve the pellet in 1 ml of ice-cold nuclei isolation buffer containing protein inhibitors. The pellet should dissolve easily by gently swirling the tube. If not, gently pipette up and down. Take a 2-ml aliquot of the nuclei suspension and analyze the sample as described in Box 1. Once the 3C method is set up, this test is no longer required (see ANTICIPATED RESULTS). ? TROUBLESHOOTING 15| Transfer the nuclei suspension to an Eppendorf tube and centrifuge for 5 min at 1,900g at 4 1C in an Eppendorf centrifuge.
16| Pipette off the supernatant and gently take up the pellet in the 1-ml ice-cold nuclei isolation buffer containing protein inhibitors. One should be careful as the pellet can be loose. Take a 2-ml aliquot of the nuclei suspension and analyze the sample as described in Box 1. Use 1 Â 10 7 nuclei for a 3C experiment.
17| Centrifuge the nuclei for 5 min at 1,900g at 4 1C in an Eppendorf centrifuge and pipette off the supernatant.
DNA digestion TIMING 18-20 h 18|
Resuspend the nuclei in 400 ml of 1.2Â restriction enzyme buffer. m CRITICAL STEP Traces of the plant nuclei isolation buffer can hamper the digestion. To increase the restriction digestion efficiency, the nuclei are washed once in the restriction buffer. Use freshly isolated nuclei. In our hands, freezing and long-term storage of nuclei at À80 1C systematically leads to partial restriction digestion. 22| Shake at 900 r.p.m. for 40 min at 65 1C, followed by 20 min shaking at 37 1C. Take a 2-ml aliquot of the nuclei suspension and analyze the sample as described in Box 1. Once 3C is set up, this is no longer required. m CRITICAL STEP The incubation step at 65 1C in the presence of SDS is necessary to inactivate endogenous nucleases (see INTRODUCTION, ANTICIPATED RESULTS and Fig. 3a) .
23| Add 50 ml of 20% (vol/vol) Triton X-100 (final: 2% (vol/vol) Triton X-100). m CRITICAL STEP SDS hampers the restriction digestion and is therefore sequestered using Triton X-100.
24| Shake at 900 r.p.m. for 60 min at 37 1C.
25| Add 400 U of the selected restriction enzyme and incubate overnight at 37 1C while shaking at 900 r.p.m. When setting up and/or optimizing the protocol, take one-third of the sample after the overnight incubation to check the digestion efficiency by DNA blot analysis (see ANTICIPATED RESULTS and Fig. 4) . ? TROUBLESHOOTING Intramolecular ligation TIMING 7-8 h + an overnight step 26| To inactivate the restriction enzyme, add 40 ml of 20% (wt/vol) SDS (final: 1.6% (wt/vol) SDS).
27| Incubate for 20-25 min at 65 1C while shaking at 900 r.p.m.
28|
Transfer the sample to a 50-ml Falcon tube.
29| Add 7 ml of 1Â ligation buffer (700 ml of 10Â Promega Ligation buffer plus 6.3 ml of sterile MilliQ).
30| Add 375 ml of 20% (vol/vol) Triton X-100 (final: 1% (vol/vol) Triton X-100). m CRITICAL STEP SDS hampers the ligation and is therefore sequestered by the addition of Triton X-100.
31|
Incubate for 1 h at 37 1C.
32|
To check the digestion efficiency, transfer a 300-ml aliquot to a 1.5-ml Safe-Lock Eppendorf tube and analyze the sample as described in Box 2. This analysis can be performed in parallel with Steps 34-48 of the main PROCEDURE. ? TROUBLESHOOTING 33| Add 100 U of highly concentrated DNA ligase and incubate for 5 h at 16 1C, followed by 45 min at room temperature.
34| Add 30 ml of proteinase K (total 300 mg).
35|
Incubate the sample at 65 1C overnight to reverse the crosslinks.
DNA purification TIMING 4-5 h + an overnight step 36| Add 30 ml of RNase A (total 300 mg) and incubate for 30-45 min at 37 1C.
37| Add 10 ml of phenol-chloroform-isoamylalcohol and mix well by rigorously shaking the tube by hand. m CRITICAL STEP The phenol-chloroform-isoamylalcohol solution should be maintained at room temperature to allow adequate separation of the phases. ? TROUBLESHOOTING 38| Centrifuge for 10 min at 4,500g at room temperature. 40| Add 7 ml of sterile MilliQ, 1,400 ml of 2 M NaOAC (pH 5.6), 40 ml of glycogen and 24 ml of 96% (vol/vol) EtOH and mix well by inverting the tube several times. m CRITICAL STEP A high DTT concentration hampers DNA precipitation, therefore the concentration of DTT is diluted before the precipitation step. Furthermore, adding a carrier such as glycogen greatly improves the DNA precipitation.
41| Store at À80 1C for at least 2 h. ' PAUSE POINT The tube can be stored at À80 1C overnight.
42| Centrifuge the frozen tube for 60 min at 4,500g at 4 1C.
43|
Discard the supernatant and wash the pellet with 10 ml of cold 70% (vol/vol) EtOH. ? TROUBLESHOOTING 44| Centrifuge for 15 min at 4,500g at 4 1C.
45|
Pipette off as much liquid as possible and air-dry the pellet for 3-5 min.
46| Add 150 ml of 10 mM Tris (pH 7.5) to the pellet.
47|
To dissolve the DNA, incubate the pellet at room temperature for several hours followed by overnight incubation at 4 1C. m CRITICAL STEP It is crucial that the DNA is completely dissolved before proceeding with the qPCR analysis. In case any undissolved particles remain after overnight incubation, gently spin the sample and take the clear supernatant.
Assess digestion and ligation efficiency, and DNA concentration TIMING 2-4 h 48| The next day, check the digestion and ligation efficiency of the 3C sample. Load 2 ml of the ligated 3C DNA on a 0.8% (wt/vol) agarose gel, together with the 30-ml DNA of the digestion efficiency control (see Box 2) . Stain the gel with EtBr. To estimate the DNA concentration of the ligated 3C sample, load a dilution series on the gel of genomic DNA (gDNA) with a known concentration and/or a standardized sample (see Figs. 3, 6 and ANTICIPATED RESULTS). ! CAUTION EtBr is a mutagen. Wear gloves when handling gels and solutions containing EtBr. Dispose of EtBr gels and solutions according to the regulations. ? TROUBLESHOOTING 49| The 3C DNA sample is now ready for qPCR analysis 12, 15 . We use B50 to 100 ng of DNA per qPCR. ' PAUSE POINT In our hands, the 3C DNA template can be stored at À20 1C for 1-2 months. ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 . To check the digestion efficiency, a 30-ml aliquot can also be taken directly after Step 25, followed by reversal of the crosslinks overnight. In our hands, however, the DNA precipitated more efficiently when taking a 300-ml aliquot from the 7.5-ml sample at Step 32 (Fig. 2a, left and middle panels) . The nuclei isolation protocol presented in this paper also yields ample, intact nuclei from Arabidopsis leaves (Fig. 2a, right panel) , indicating that the protocol is also suitable for other plant tissues.
Inactivation of endogenous nucleases (Step 22)
When setting up or optimizing the 3C protocol, we recommend checking for the presence of endogenous nucleases. In existing protocols, before the addition of a restriction enzyme, nuclei are permeabilized by incubation at 37 1C with SDS (Step 22). Incubation of maize nuclei at these conditions resulted in a nucleosome pattern, in the presence and absence of a restriction enzyme (Fig. 3a, lanes 4 and 5) , indicating DNA degradation by endogenous nucleases. The DNA was still intact when isolated from an aliquot taken before the SDS incubation (Fig. 3a, lane 6) . Thus, the degradation occurred during the SDS incubation. Nucleases were prevented from degrading the DNA when, after the addition of SDS, the nuclei were first incubated at 65 1C for 40 min, followed by incubation at 37 1C (Fig. 3a, lanes 7-9) . When incubated at 65 1C for 60 min, DNA degradation was almost completely absent, but realize that at this temperature also the crosslinks are reversed.
DNA digestion and ligation efficiency (Steps 25, 32 and 48)
The efficiency of the DNA digestion needs to be as high as possible; preferably more than 80%. Therefore, when setting up 3C, the digestion efficiency should be carefully checked. To this end, take one-third of the sample after overnight digestion in
Step 25. Reverse the crosslinks and purify the DNA. Separate the DNA on an agarose gel, blot the gel and hybridize the resulting membrane with probes specific for the locus of interest. An example is shown in Figure 4 . In Figure 4b , the digestion efficiencies are shown for conditions described in the existing 3C protocols, varying the enzyme (BglII) concentration. In addition to the expected band of B1.6 kb (indicated with an arrow), numerous larger bands are visible, indicating incomplete digestion. After optimizing the digestion conditions for maize nuclei, the B1.6 kb band is practically the only band visible (Fig. 4c) . Another method to determine the digestion efficiency is using qPCR and is described by Hagège and colleagues in Box 2 of their paper 12 . Once the optimal digestion conditions have been established, we recommend checking the digestion efficiency by EtBr agarose gel electrophoresis in every 3C experiment (Step 32, Box 2). Satellite bands indicate efficient DNA digestion (see Fig. 3a , lane 8, and Fig. 3b, D lanes) . Compare the digestion pattern with that of a gDNA sample digested with the same enzyme (Fig. 3a, lane 2, and Fig. 3c, lane 1) . Examples of poor digestion are shown in Figure 3c . In such cases refer to TROUBLESHOOTING. Similar to the digestion efficiency, in every 3C experiment the ligation efficiency must be tested. To this end, run an aliquot taken in Step 48 on a 0.8% (wt/vol) agarose gel. The aliquot should run as a single band at the top of the gel (Fig. 3b,  L lanes) . Figure 3d shows an example of poor ligation efficiency. To estimate the DNA concentration, run a dilution series of gDNA of a known concentration on the same gel as the digestion and ligation efficiency test samples (Fig. 6) .
Examples of successful and unsuccessful 3C experiments 3C samples that are well digested and ligated, and contain sufficient DNA, are ready to be analyzed by qPCR. However, such samples do not necessarily lead to acceptable qPCR runs. Therefore, after the qPCR data are obtained, they need to be critically Figure 7 | Examples of successful and unsuccessful 3C-qPCR analyses of longdistance interactions at the maize b1 locus. The normalized level of each ligation product (BglII fragments IV-XII) has been plotted against the distance (in kb) from the b1 transcription start site (TSS; see map below graph). For details on the experimental setup, PCR primers, TaqMan probe and normalization, see Louwers et al. 14 . The locus-wide crosslinking frequencies were determined for the fragment containing the TSS (I); this fragment of interest has been indicated by a black vertical bar. The arrowheads on the map indicate a known enhancer region. Three independent 3C-qPCR experiments were performed on three different, but genotypically identical, maize husks. The DNA was cut with BglII. All three samples showed satisfactory digestion and ligation efficiencies, and yielded enough DNA for qPCR analysis. Sample 1 (black curve) resulted in a basically flat curve, whereas samples 2 and 3 (gray curves) resulted in very similar curves showing various peaks in interaction frequencies, one of which (fragment X) involved the enhancer region. The curves of samples 2 and 3, but not that of sample 1, show the predicted relatively high level of interaction frequencies between the fragment of interest (I) and the fragment closest by (IV). In addition, the curve of sample 1 is very different from that of samples 2 and 3, and other samples analyzed (data not shown). Together, these data indicate that samples 2 and 3 exemplify a successful 3C experiment, and sample 1 an unsuccessful experiment. Probably, a step different from the digestion or ligation, e.g., the crosslinking could have gone wrong. evaluated. An important measure for the quality of a 3C experiment is the detection of a decrease in interaction frequencies when the genomic distance between a sequence fragment of interest and neighboring fragments increases, resulting in a curve with a downward slope when the relative crosslinking is plotted against the distance from the element of interest. The interactions between the fragment of interest and neighboring fragments are due to the occurrence of random collisions, the frequency of which, in general, decreases with an increasing genomic distance (see ref. 23) . A practically flat curve therefore indicates an unsuccessful experiment (Fig. 7, black curve) . The gray curves in Figure 7 do show a relatively high level of interaction frequencies between the fragment of interest (I) and the fragment closest by (IV), and are examples of successful experiments. Specific physical interactions are defined by a local peak in the curve; a peak in interaction frequencies that is higher than what can be expected based on random collisions. Importantly, a peak in interaction frequencies between a fragment of interest, e.g., the transcription start site, and another fragment can only be reliably detected if neighboring fragments show significantly lower interaction frequencies with the fragment of interest (Fig. 7, grey curves, e. g., compare the interaction frequencies with fragments XI, X and IX). Therefore, when setting up the qPCR to analyze the 3C material, it is important to realize that a sufficient number of data points needs to be examined to reliably detect chromosomal interactions. Once physical interactions are observed for a fragment of interest, the best way to verify these interactions is by performing reciprocal experiments using the interacting fragments as a fragment of interest 1, 14 . 
